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PRELIMINARY RESULTS OF AN ALTITUDE-WIND-TUNNEL INVESTIGATION
OF AN AXTAL-FLOW GAS TURBINE-PROPELLER ENGINE
IV - COMPRESSOR AND TURBINE PERFORMANCE CHARACTERTSTICS

By Lewls E. Wallner and Martin J. Saari

SUMMARY

Ag part of an investlgation of the performance and operational
characteristice of the axial-flow gas turbine-propeller engine, con-
ducted in the Cleveland altlitude wind tiunnel, the periormance char-
acteristica of the compressor and the turblne were obtalined. The
data presented were obtalned at a compressor-inlet ram-pressure
ratio of 1.00 for altitudes from 5000 to 35,000 feet, engline speeds
from 8000 to 13,000 rpm, and turbine-inlet temperatures from 1400°
to 2100° R.

The highest compressor pressure ratlio obtained was 6.15 at a
corrected air flow of 23.7 pounds per ssecond and a corrected
turbine-inlet temperature of 2475° R. Peak sdiabatic compressor
efficiencies of about 77 percent were obtained near the value of
corrected air flow corresponding to a corrected englne speed of
13,000 rpm. Thlis maximum efficiency may be somewbat low, however,
because of dirt accumulations on the compressor blades.

A maximum adiabatic turbine efficiency of 8l.5 percent was
cbtained at rated engine speed for all altitudes and turbine-
inlet temperetures investlgated.

INTRODUCTION

An investigation of the performance and operational charac-
teristics of an axial-flow gas turblne-propeller engine has been
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conducted in the Cleveland altitude wind tunnel. ZEngine per-
formance charecteristica, windmllling characteristics, and
pressure and tempersture distributlons throughout the englne
are pregented in references 1, 2, and 3, respectively.

The performance of the compressor and the turbine are of
particular significance because very little altitude data have
been obtalned on these component parts in a gas turbine-propeller
engine. Data were obtained at a compressor-inlet ram-pressure
ratio of 1.00 at altitudes from 5000 to 35,000 feelt, englne speeds
from 8000 to 13,000 rpm, and turbine-inlet temperatures from
1400° to 2100° R The compressor performance 1s presented as a
functlon of corrected engine alr flow and corrected turbine-inlet
temperature. The turbine performance is presented as a function
of corrected turbine speed and corrected turbine-inlet temperature.

DESCRIPTION OF COMPRESSOR AND TURBINE

A geperal description of the T31 gas turbine-propeller
engine and the ingtallatlon is given 1n reference 1. A detalled
description of the compressor and turbine aggemblies is glven in
the following sections.

Compressor

The T3l engine la equipped with a l4-stage axial-flow
compressor, which has a sea-level alr-flow rating of aboutb
21 pounds per second at an engine speed of 13,000 rpm. The cam-~
pressor rotor, shown in figure 1, conslsts of 14 wheels shrunk on
a hollow shaft. The compresaor blades are dovetailed into the

rotor wheels., The blade-tlp dlameter of the rotor is lsf% inches

and the over-all length is 25 inches. The hub-to-tip diameter
ratio at the flyrst rotor stage is 0.73 and increases to 0.88 at
the fourteenth rotor stage. A balance pressure is applied to the
forward end of the rotor by air bled from the Fifth stage of the
coumpressor. Thils air leaks out through two labyrinth seaels Inito
the compressor air passage aft of the inlet guide vanes. Another
labyrinth seal is located at the aft end of the rotor. Air
leaking through this seal is used to cool the forward face of the
turhine wheel.
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The stator stages consist of half rings into which the stator
blades are dovetailed (fig. 2). These half rings, assembled around
the rotor with spacers and clamping bolits, compose the compressor
stator assembly.

Air enters the compressor through an anmnlar inlet, which is
divided into six egual segments by radial support struts. The flow
area of the compressor inlet (station 2, fig. 3) i1s approximately
95 square inches., A single row of gulde vanes turns the air in
the directlion of rotation of the rotor. Alr is discharged from the
compressor through two rows of straightenling vanes lnto an annular
passage.

Turbine Assembly

The T31 englne nas a single-stage turbine that delivers
about 5000 horsepower at standard sea-level condltions and an
engine speed of 13,000 rpm. The turbine (fig. 4) has a solid
steel disk that tapers in thickness from 3.70 inches at the hub
to 0.57 inch at the thinnest sectlon near the rim. The turbine
blades, which are welded to the wheel rim, are 1.6 inches in
length. The blade chord tapers from 1.0 inch at the root to
0.75 inch at the tip. The blade forgings are so deslgned that the
rectangular tips in the assembled wheel form the turbine shroud
ring. The over-all diameter of the wheel including the shroud
ring 1s 28 inches. The turbine clearances are shown in the detail
of figure 3.

The turbine nozzle (fig. 5),which consists of 36 equally
spaced hollow steel vanes, has an actual flow area of about
25 squaré inches and an expansion ratio of 1.065. The vanes are
welded to inuner and outer shroud rings. A portion of the air
that enters the combustion chambers filrst flows through the
hollow vanes to provlde cooling.

Gases discharged from the turbine enter an annular exhsgust
cone having an area of about 154 square Inches at the location
of the turbine-outlet instrumentation (station 6, fig. 3). The
inner cone is supported by four strute and by a series of small
angle braces extending along the entire length of the inner conse.
In the wind-tunnel Investigation, a straight tail pipe 14 inches
in diameter and 96 lnches long wes used.
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INSTRUMENTATION

A complete description of the instrumentation throughout the
installation 1s given in reference 1. A review of the instrumenta-
tion required to determine the compressor and turbine character-
istics is presented herein.

The annulsr compressor inlet was divided into six equal seg-
ments by the radial support struts, which form part of the engine
structure. Installed in each alternate segment were five total-
pressure tubes, two iron-constentan thermocouples, two static-
pressure probes, and & static-pressure wall orifice on the 'inner
end outer walls of the annulus. The remaining three segments had
only static-pressure wall orifices installed on the outer walls.
(See fig. 6.) Installed at the campressor outlet were nine total-
pressure tubes, six iron-constantan thermocouples, two static-
pressure probes, and five static-pressure wall orlifices (£ig. 7).

The turbine inlet was lnstrumented witk five total-pressure
tubes and five static-pressure wall orifices. Three of the total-
pressure tubes were located 120° apart. One of the areas included
by a single burner transition section had two additional total-
pressure tubes installed 10° on each side of the center tube
(fig. 8). The turbine outlet, or exhaust-cone inlet, was instru-
mented with three rakes, 120° apart, each contalning three total-
pressure tubes. A static-pressure wall orifice was installed on
the outer wall in the plane of each rake. Three wafer atatic
tubes were installed at various immersions and were rotated 20°
from each of the total-pressure rskes. A chromel-alumel thermo-
couple was installed epproximately in line with the center of each
of the nine combustion chambers to indlicate combustion-~-chamber
ignition and unbalance (fig. 9).

Exheust-gas temperatures were measured with six chromel-alumel
thermocouples at the tall-plpe-nozzle outlet (fig. 10).

FPROCEDURE

Data were obtained at a compressor-inlet ram-pressure ratio
of 1.00, pressure altltudes from S000 to 35,000 feet, and engine
gpeeds from 8000 to 13,000 rpm.- Amblent temperatures were mein-
tained at approximately NACA standard altitude conditions. The

engine power was varied to give turbine-inlet temperatures ranging
from 1400° to 2100° R.

&8
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Pressures were measured throughout the engine on water, alka-
zine, and mercury manometers and were photographlcally recoxrded.
Temperatures were measured and recorded by self-balencing potenti-

cmeters.

Engine and tunnel operating condlitions were indlicated by

gages on the englne control panel and were photographically
recorded.

SYMBOLS

The followlng symbols are used in thils report:

ghp

Mg

K, Ky

area, sqguare feet

speed of sound in alr, feet per second

compressor tip é.iameter s Teet

accelergtion due to graviity, feet per second per second
horsepower loss in high-speed reductlon gear
enthalpy, Btu per pound

adiabatlc enthalpy change, Btu per pound
mechanical egquivalent of heat, foot-pounds per Biu
constants

cotnpressor Mach numbexr

engine speed, rmm

number of compressor stages

total pressure, pownds per aquare foot absolute

‘static pressure, pounds psr square foot absolute

gas constant, foot-pounds per pound ©F
shaeft horsepower measured at torquemeter
total temperature, °R

indicated temperature, °R
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compressor tip speed, feet per second

Vg air flow, pounds per second

We fuel flow, poumnds per hour

Wé gas flow, pounds per second

a thermocouple impact-recovery factor, 0.85

v4 ratio of speciflc heats

8 ratio of compressor-inlet absolute total pressure to static
pressure of NACA standard atmosphere at sea level

65 ratio of turbine-inlet absoclute total pressure to static
pressure of NACA standerd atmosphere at sea level

e ratio of compressor-inlet absolute total temperature to
gtatic temperature of NACA standard atmosphere at sea
level

65 corrected ratio of turbilne-inlet absclute total temperature
to static temperature of NACA standard atmosphere at ses
level, (75 T5)/(1.40 x 519)

¥ average compresgor pressure coefficlent per stage

M, adiabatlc compressor efficiency, percent

Ny, adlabatic turbine effliciency, percent

Subscripts:

] compressor Iinlet

3 compressor outlet

S turbine inlet

6 turbine outlet

8 tail-pipe-nozzle outlet

c compressor

® turbine

658
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METHOD OF CALCULATION

The total temperatures at the compressor inlet, the compressor
outlet, and the tall-pipe-nozzle ocutlet were calculated from the
relation

=1
7
p o203

el

As in reference 1, the total enthalpy at the turbine inlet was
assumed to be equal to the sum of the enthalpy et the tail-pipe-
nozzle outlet and the drop in enthalpy across the turbine. The
enthalpy drop across the turbilne 1s equivalent to the sum of the
enthalpy rise across the compressor, the shaft horsepower measured
at the torgquemeter, and the vower loss in the high-speed reduction
cear.

Hs = Hg + (H - Hp) + 220(shp + ghp)

Wgd

The turbine-inlet total temperature was then obtalned from
thermodynamic charts relating enthalpy end fuel-air ratlo o
temperature.

Air flow through the compressor was calculated from measure-
ments at the compressor inlet by use of the equation

75-1 75-1

. 27, 8 P, 72 <P2) 72 .
a,2 = P2 2 A\l 7o - 1) 5, 2, Pz

Turbine gas flow was assumed equal to the sum of the compressor-
inlet alir flow and the engine fuel flow

Wp

Wg = Vo + 3500

g
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The adiabatic compressor efficiency was obtained from

where 7, Was assumed equal to 1.40.

Compressor Mach nwrber, based on the total temperature of the
alr at the compressor inlet, was computed from

M. = U _ %t DN
c 8z 601/723 RT2>

The average compressor pressure coefficient per atage, which
is defined as the ratio of the adlabatic work per stage to the work
that would be required to accelerate the air to a velocity equal to
the tlip speed of the compressor, was obtalned from

7oL
(Ps) 70 -1
g oA _ 2 Fz
_n_U_z.—n(?’c"l) Mcz

2g

Adlabatic turbine effilciency was calculated from

= Ts ~ Te X 100
Mg = T
£
P\ 7
Ts |1 - <_6-) b
Ps

where 7y Wwas assumed egual to the average ratlo of specific heats
entering and leaving the turbins. Because the temperature drop
through the tall pipe was small and the temperature measurements
were more reliable at the talil-pipe-nozzle outlet than at the tur-
bine outlet, Tg was replaced by Tg in the turbine-efficiency
equation. '
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RESULTS AND DISCUSSION

Compressor and turbine performance characteristics for the
range of conditions at which the axial-flow gas turbine-propeller
engine was operated are discussed. Inasmuch as englne perform-
ance was obtained for a relatively small range of compressor-
inlet ram-pressure ratios, no effort has been made to determine
the effect of this parameter on the performence of the compressor
and the turbine.

Conmpressor

The relation between corrected air flow, compressor Mach
number, and corrected engine speed 1ls shown 1n figure 11 for alti-
tudes from 5000 to 35,000 feet. The air flows obtained at dif-
ferent altitudes generslized reascnably well and appear to bhe a
function only of compressor Mach number for the range of operating
conditions investigated.

During the operatlon of a compressor in a gas turblne-
propeller engline, the compressor preasure ratio varles with the
power delivered to the propeller. In order to increase the powsr
delivered to the propeller at a particular engine speed, an
increase in turblne-inlet temperature ls necessary, which iIn turn
Increases the turbine-inlet pressure, This rise in turbins-inlet
pressure results in an increase Iin compressor-outlet pressure and,
consequently, compressor pressure ratlo.

It can be analytically shown that, .for conditlons at which -
the turbine nozzles are choked and the corrected alr flow is con-
stant, the compressor pressure ratio 1s proportional to the square
root of the corrected turbine-inlet tempersture. When the pres-
sure ratio across the turbine nozzle exceeds the critical value
(about 1.89), the mass flow through the turbine nozzles can be
expresged as

W KA5P5:f75
S =
1/T5‘
If the air flow through the engine 1s assumed equal to the gas flow

and the correction factors & and & are applied to this equation,
the corrected air flow becomes
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As a first-order approximation, the compressor-outlet total pres-
sure Pz may be assumed equal to the turbine-inlet total pres-
sure Pg. The variation in .,/75 was also assumed to be negligible.

Consequently, at a constant corrected air flow,

L R
P2 To
T2
and because @ = 519
o R
P, ]

The compressor pressure ratlo is plotted 1in figure 12 against
the sguare root of the corrected turbine-inlet temperature for
constant corrected air flows from 8.8 to 23.7 pounds per second,
which were obtained at altitudes from 5000 to 35,000 feet. The
compresaor pressure ratio is shown to increase linearly with the
gquare root of the corrected turblne-inlet tempersture at a con-
stant corrected air flow. For the range of conditions investi-
gated, a maximum compressor pressure ratio of 6.15 was obtained
with a corrected alr flow of 23.7 pounds per second at a corrected
turbine-inlet temperature of 2475° R.

The compressor efficiency was determined by plotting the

actual temperature-rise factor (T3/41‘2) -1 against the adlabatic
7c'l

temperature-rise factor (Pz/Pz) 7c -1, as shown in figure 13.
A single curve was falred through all the data points, inasmuch
as the data scatter did not allow separation of the effects of
turbine-inlet temperature and altitude on compressor efficiency
at a particular value of compressor pressure ratlo. A croas plot
of the data from figures 12 and 13 in flgure 14 shows the varia-
tlon of compressor efficiency with corrected ailr flow for constant
velues of corrected turbine-inlet temperatures from 1600° to
2400° R. For the range of air flows investigated, the compressor
efficiency was not greatly affected by changes in turbilne-inlet
temperature. A maximum compressor efficlency of about 77 percent

-
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cccurred at & corrected alr flow of approximetely 20 pounds per
second for corrected turbine-inlet temperatures from 1800° to
2200° R. This peak efficiency may be somewhat low because of dirt
and oll deposits on the stator and rotor blades.

The compressor-performance-characteristic curves for the range
of engine operating conditlons investigated were obtained by cross-
plotting the data from figures 1ll, 12, and 14 in figure 15. The-
compressor pressure ratlo Increased with an increase Iin corrected
eir flow at constant values of corrected turbine-inlet temperature.
The maximumm compressor efflclencles occurred near the value of
corrected air flow correspondlng to & corrected engine speed of
13,000 rpm.

The variation of compressor pressure coefflclient with corrected
turbine-inlet temperature 1s shown in figure 16 for constant values
of corrected alr flow. The compressor pressure coefficient increased
with the corrected turbine-inlet temperature. A cross plot (fig. 1T7)
of the data from rigure 186 shows the variation of compressor pressure
coefficient with corrected alr flow for constant values of corrected
turblne-inlet temperature. A maximum pressure coefficient of 0.322
was obtalned at a corrected air flow of about 14 pounds per seccnd
and a corrected turblne-inlet temperature of 2000° R. The maximum
pressure coefficlent does not occur at rauted engine operating
conditions.

Turbine

Turbine pressure ratio and corrected turbine speed are plotted
as functlions of corrected turbine-inlet temperature in figure 18 for
constant values of corrected engine speed at altitudes from 5000 to
35,000 feet. The highest turbine pressure ratio atl which data were
obtalned was 4.65 at a corrected turbine speed of 6700 rpm and a
corrected turbine-inliet temperature of 2475° R. A cross plot of
these data (fig. 19) shows the variation of turbine pressure ratio
with corrected twrbine speed for corrected turbine-inlet tempera-
tures from 1600° to 2400° R. The turbine pressure ratio increased
wlth an increase in corrected turbine speed and corrected turbine-
inlet temperature. At a corrected turblne speed of 6800 rpm, an
incresse in corrected turbine-inlet temperature from 1600° Ho
2400° R ralped the turbine pressure ratio from 3.05 to 4.50.

The turblne efflciencies were obtained by & method similar %o
that used 1n determining the compressor efficlencles. The achtugl
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temperature-drop factor 1 - (Tg/Tg5) is plotted against the adia~
Vt‘l

batic temperature-drop factor 1 - (Pg/Pg) 7% in figure 20 for

altitudes from 5000 to 35,000 feet. Lines of constant turbine
efficiency superimposed on the data show that practically all the
turbine efficiencles were between 76 and 82 percent. It 1is also
shown that the turbine efficlencles were not noticeably affected by
changes in altitude.

In order to show turbine efficiency as a function of corrected
turbine speed and to determine the effect of turbine-inlet tempera-
ture on turbine efficlency, the actual and adlabatlc temperature-
drop factors first had to be plotited against the corrected turbine-
inlet temperature for constant values of corrected engine apeed, as
shown in figure 21. A cross plot of the data from figures 18 and 21
in flgure 22 shows the turbine efficiency as a function of cor-
rected turbine speed. Although the data from figures 18 and 21
varied by about 1.5 percent from the curve shown in figure 22, no
congistent varlatlion of turbine efficlency with turbine-inlet tem-~
perature was apparent for the range of conditlons invegtigated.

The faired curve in figure 22 indlcates & maximum turbine effil-
ciency of 81.5 percent &t corrected turbine speeds from 6200 %o
7400 rpm. This range of corrected turbine speeds includes engine
operation at rated speed for all eltltudes and turbine-inlet tem-
peratures lnvestigated. .

The vardiation of turbine pressure ratlo with corrected gas
flow is shown in figure 23 for altitudes from S000 to 35,000 feet,
For practically all the conditlons investigated the corrected gas
flow was constant, which indicates that the turbine nozzles were
choked. A corrected gas flow of about S pounds per second was
obtained for turbine pressure ratios from approximately 2.0 to 4.65.

SUMMARY OF RESULTS

Compressor and turbine performence characterisgtics were
obtained as part of an investigation of en axigl-flow gas turbilne-
propeller engine in the Cleveland altitude wind tunnel. Data were
obtained at altltudes from 5000 to 35,000 feet, englne speeds from
8000 to 13,000 rpm, turbine-inlet temperatures from 1400° to
2100° R, and a compressor-inlet ram-pressure ratlo of 1.00. The
following results were obtained:

&8
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1. FPor the range of operating conditions investigated, a max-
jmum compressor pressure ratlo of 6.15 was obtained at a corrected
alr flow of 23.7 pounds per second and & corrected turbine-inlet
temperature of 2475° R.

2. Peak adiabatlc compregsor efficiencles of about T7 percent
were obtalned near the value of corrected alr flow corresponding
to & corrected englne speed of 13,000 rpm. This value of maximum
efflciency may be somewhat low, however, because of dirt accumula-
tion on the compressor blades.

3. A maximum compressor pressure coefficlent of 0.322 was
obtained at & corrected air flow of about 14 pounds per second and
a corrected turblne-lnlet temperature of 2000° R. The peak com-
pressor pressure coefficlent did not occur at rated engine operating
conditions.

4. A maximum adisbatic turbine efficlency of 8l.5 percent was
obtained at rated engine speed for all altitudes and turblne-~inlet
temperatures Investigated.

Flight ?ropuléion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohilo.
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Figure |, — Compressor rotor of axial—flow gas turbine-propelier engine.
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Figure 2. — Sixth—-stage stator ring from compressor
turbine—propel ler engine.
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© Total-pressure tube
® Static-pressure tube
® Thermocouple

Figure 6. — Location of Instrumentation at compressor inlet, looking
aft, station 2.
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